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ABSTRACT 
Neutron tube is a widely used small-scale 
accelerator-type neutron source，it is mainly made up of 
the storage、ion source、 acceleration system 、target and 
other parts。One of the important parameters of neutron 
tube is ion source current and its stability，which has a 
direct impact on the amount of neutron tube production 
and stability。 Ion source current depends on storage 
heating current and it is hysteresis controlled object。This 
paper presents a kind of nonlinear PID controller and the 
control method is applied to ion source current control by 
using B&R PCC controller，the stability of current is not 
more than 2%, which meet the requirements of high-quality 
neutron tube. 
Key words：Neutron tube；storage；ion source；control；
Stability 
INTRIDUCE 
Neutron tube is a small-scale accelerator-type neutron 
source, which has the simple construction and is easy to 
use. Neutron tube seals all the storage, ion source, 
acceleration system, target and pressure governing system 
in the vacuum vitrified pipe. Compared with the normal 
neutron source, Neutron tube has the superiority of high 
neutron yield, good Energy Spectrum monochromaticity, 
and no gamma background, and producing the pulse 
neutron. When we don’t use it, it can be shut off. So, the 
protection is easy, the storage manages and transports are 
conveniently. Compared with the reactor or the accelerator 
neutron source, its volume is small, the weight is light, the 
consumed power is small, it does not need the vacuum 
system and the cooling equipment, it also does not need to 
replace the tritium target and the operation capacity, the 
maintenance management is simple and carrying is 
convenient, it is suitable for both the mobile Irradiation and 
the filed Irradiation, and the cost is much lower. So the 
Neutron tube is easy to promote spread application [1-18]. 
In china, there are only several units researching on 
Neutron tube, and Neutron tube has disparity in several 
important targets of the neutron tube life, the yield amount 
and stable, comparing with the international similar 
product. The ion source electric current and the stability are 
some of the important performance indices, and the ion 
source electric current decided by the amount of gas 
emitting from the reservoir. We bond the Hydrogen 
Absorption material on the heating resistor to make the 
reservoir, and the output of the air increases with the 
temperature rising, so the ion source is a large time-delay 
controlled object. The time-delay caused the output of ion 
source electric current (process variable) cannot respond 
the heating current of reservoir rapidly (control signal), this 
means that the feedback is failed during this time. But, the 
feedback is the information which the automatic control 
has to obtain. 
The PID control method is one of most widespread 
control strategies, but it has remarkable time-delay process 
that the outputs of the controller maintain to grow because 
it can’t obtain the appropriate feedback signal in the 
time-delay, thus it causes the system response overshoot 
greatly even to cause the system to lose control. Usually, in 
order to maintain the automatic condition, we must make 
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the PID parameter low obviously, and this will reduce the 
control performance. 
Generally speaking, the PID controller can control the 
system when the ratio of τ/T (time-delay /time-constant) is 
smaller than 1. If the ratio is more than 1, we must lower 
the PID parameter, which will make the control slowly. 
Smith estimated is a useful control method to control the 
process which has the large time-delay, however to 
structure the Smith estimates need precise process model, 
otherwise, its performance cannot be satisfying. 
In order to satisfy the request of high grade neutron 
tube's request, we transform the traditional PID controller 
to the nonlinear PID controller to control the ion source 
current, and this make the stability of electric current no 
more than 2% to satisfy the high grade neutron tube's 
request. 
FROM PID TO NONLINEAR PID 
It is well known, the PID control algorithm whose 
structure is simple, robustness is good, and reliability is 
high, is easy to understand and realizes, and to develop 
many high-level control strategies, therefore, it is still 
widely applied in the Industrial Process Control [19, 20]. 
The PID regulator is one of the ideal process 
regulators. According to modern control theory, The PID 
regulator has the essential robustness, the optimized control 
characteristic and the intellectualization. Its control 
principle is: Obtains the error signal e between the output 
and expectation goal of the system from the negative 
feedback as the PID controller's input, and the linear 
combination of the error signal’s ratio、  integral, and 
differential is taken as the PID controller's output which is 
the control variables u. The Formula expression is as 
follow:  
0
( ) ( )
t
p I D
deu t K e K e t dt K
dt
= + +∫         (1) 
PK is the proportional gain, IK  is the integral gain, 
DK is the differential. 
Obviously, the PID controller outputs u  is the 
addition of the three parts of the error signal’s proportion, 
integral and differential multiplied by the respective gain 
parameter separately, and the gain parameters is a constant 
obtained by the suitable tuning method, that is the 
limitation of the PID control. The control system's 
performance index is determined by the control request 
(the stability, the accuracy and the rapidity) of the 
industrial production process. And the limitation of the PID 
control in practical application is: 
The output is the linear combination of the error 
signal proportion, the integral and the differential，But it is 
not the best chooses. In the theoretical analysis and the 
massive practices, “the linear combination” often causes 
contradictions between the rapidity and the overshoot, and 
cannot satisfy getting the ideal value quickly and reducing 
the overshoot simultaneously. Moreover, this simple 
structure also decided that it impossible has the 
auto-adapted ability to the change of the environment or 
the model’s parameter. The limitation of the traditional 
linear PID controller mainly comes from the following 
aspects: 
(1).because of the simple algorithm structure, the PID 
control is suitable for the SISO minimum phase system. 
When the control object is a large time-delay, open-loop 
unstable systems system, the control effect and the 
dynamic property are not good. 
(2). the simplicity of structure decides that the PID 
control only determines the minority main zero-pole of the 
closed-loop system, which is a hypothesis based on a 
low-order approximate of the dynamic characteristic. 
(3). for the same reason, the normal PID controller is 
unable to satisfy the different performance requirements of 
the setting value of fast track or the disturbance rejection. 
As the above reason, the pure linear PID control is not 
the optimizing control strategy for large time-delay system. 
Therefore, this article uses one kind of new PID control 
methods - nonlinear PID, which both have the advantage of 
the traditional PID and improve the control effect of the 
large time-delay object. 
Nonlinear PID controller 
In order to obtain Nonlinear PID, we must find an 
appropriate nonlinear function which can improve the 
quantity Eqn.1, and make the output of controller no 
longer be the simple addition of the error proportion, the 
integral and the differential to overcome the limitation of 
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Figure 1. THE GENERAL SYSTEM STEP 
RESPONSE CURVE 
 






separately by a nonlinear function. We also can give the 
gain parameter PK , IK ’ DK  the non-linear transfer.  
The principle of the non-linear PID is: According to 
the system step response curve and the segmental 
analysis of the change trend of the PID controller gain 
parameter PK , IK DK ,we can obtains the curve shape 
which satisfy the system dynamic property request. By 
the curve shape, we chooses a appropriate nonlinear 
function which is fitted by hyperbolic secant function 
sech() and exponential function exp() to make 
PK , IK DK  be the variables with the change of the 
e(t), and their change tendency meet the high 
performance target requirement which the people want to 
achieve.  
The realizing method is as follows. 
Figure 1 is the general system step response curve. 
According to the curve, we can analyze the design 
concept of the nonlinear PID controller’s gain parameter. 
The design principle is as follows: 
Proportional gain parameter PK  
In response time 10 t t≤ ≤ , in order to have the 
quick response speed, the proportional gain 
parameter PK  should be bigger at first. At the same 
time, this can reduce the overshoot, that the proportional 
gain reduces with the error e  reduces gradually. 
In 1 2t t t≤ ≤ , we increase PK  to reduce the 
overshoot and increase the reverse control action. 
In 2 3t t t≤ ≤ , PK  was expected to be reducing 
gradually to make the system return to the stable point 
quickly, and no longer has a big inertia. In 3 4t t t≤ ≤ , 
PK  should be bigger as the same as in 1 2t t t≤ ≤ . 
Obviously, according to the above change rule, the 
approximate curve of the change of PK  with the error 
e  is shown as Fig.2 (a). We can construct the following 
nonlinear function by the curve. 
( ( )) (1 sec ( ( )))p p p pK e t a b h c e t= + −   (2) 
pa , pb , pc are negative real constants. 
When e → ∞ , the maximum of PK  is p pa b+ . 
When 0e = , the minimum of PK  is pa . pb is the 
change block of PK ,so we can adjust the change rate of 
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(a).Change curve of PK  
 
(b).Change curve of DK  
 
(c).Change curve of IK  
Figure 2 .THE CHANGE CURVE OF 
NON-LINEAR GAIN ADJUSTMENT PARAMETER 
Differential gain parameter DK  
In response time 10 t t≤ ≤ , differential gain 
parameter DK is from small to big gradually. This 
doesn’t affect the response speed, but can inhibit 
overshoot. In 1 2t t t≤ ≤ , continue increasing DK  to 
increase the reverse control action and reduces overshoot. 
At t2, reduce the differential gain 
parameter DK .During 2 4t t t≤ ≤ , DK was increased 
again to inhibit overshoot.  
According to the change request of DK , when we 
structure the nonlinear function of DK  we should 
consider the symbol of the speed of error change ve . 
The change shape of DK was shown in Fig.2 (b). The 
nonlinear function was structured as follow: 
( ( ) ( )) / (1d v d dK e t e t a b• = + +      
 exp( ( ( )) ( )))d d vc d sign e t e t•  (3) 
ve e= is the rate of error change. da db dc dd  
are positive real numbers, da  is the minimum of DK . 
The maximum of PK  is d da b+ .when 0e = , we can 
adjust dd  to adjust DK . 
Integral gain parameter IK  
When the error signal is big, we hope the integral 
gain is small to prevent the concussion of response and 
reduce overshoot; when the error signal is small, we hope 
the integral gain is large to eliminate the system static 
error. 
According to the hoped integral gain change 
characteristic, the change shape of IK  is as shown in 
Fig.2 (c), its non-linear function was represented as: 
( ( )) sec ( ( ))I i iK e t a h c e t=          (4) 
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Figure 3. THE CURVE OF TEMPERATURE 
TRACKING 
Above: NON-LINEAR PID 
 Under: CONVENTIONAL PID  
In the Eqn.4, the IK  value scope is (0, )ia . 
When 0e = , IK gets the maximum value. The ic was 
decided by the change speed of IK .The control input of 
non-linear PID is as follow: 
0
( ) ( ( )) ( ) ( ( )) ( )
t
P Iu t K e t e t K e t e t dt= ⋅ + +∫
( )( ( ) ( ))D v




Know by the above analysis, if we chose the suitable 
parameters, the system will respond quickly and have no 
overshoot. The gain parameters can change with the 
control error change, so it has strong abilities of 
anti-interference and to overcome the influence brought 
by the time-delay characteristic of the large time-delay 
system, than the conventional linear PID. It has stronger 
auto-adapted ability and robustness. Even if the operating 
had some change, it still can maintain a good control 
quality. So, it is suitable for a large time-delay and more 
complex control system。 
THE EXPERIMENT RESULT AND ANALYSIS 
OF ION SOURCE ELECTRIC CURRENT 
CONTROL  
   According to research and analysis in front, we 
consider using the non-linearity control method to control 
memory to deflate. For the system which has large time- 
delay character and dynamic changes working condition, 
using the non-linear PID controller, we have obtained the 
quite good control effect. This article uses shell Calais 
2003 PCC as controller, B&RAutomation Studio as 
operating system to program, and carries on the heating 
experiment on memory using the non-linear control 
algorithm. Gathers the actual heating current from memory 
by electric current sensor and put the current into the 
current analog input model of PCC, and then Compared 
with the set ion source current to obtain the deviation. Set 
the deviation to the non-linear PID control algorithm to get 
the control variable. And then, we transform the control 
variable to be a digital control variable by using the output 
computed program, to control the heating current of the 
heater. Monitor the control process in Automation Studio, 
and draw the trace curve as follow: 
From Fig.3, we can know the non-linear PID controller 
has a better control effect than the linear PID, which is 
mainly in the following three aspects: 
(1).Restrain the overshoot effectively. The overshoot 
of the non-linear PID is small, but the linear PID has a big 
(2). Reduced the control time greatly, and achieves the 
stable state fast. But, the linear PID needs the quadruple 
time. 
(3).The stable performance is good, and static error is 
small. 
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Obviously, we chose the nonlinear PID improved by 
the linear PID to control the large time- delay system, 
which not only can improve the system auto-adapted 
ability, but also solve the contradiction between the 
overshoot and speed which are the inherent ability of the 
traditional linear PID. So the control can satisfy the better 
performance requirement and obtains the finer quality. 
Moreover, there also have two problems about this 
method: 
 
About parameter adjustment 
From the function indication, we see there are nine 
parameters, including pa 、 pb 、 pc 、 da 、 db 、 dc 、
dd 、 ia 、 ic  in the controller, but the three 
parameters PK 、 DK and IK . The parameter adjustment 
is by experiment and experience. When we obtain the 
appropriate parameters, which can gain the finer control 
effect, the strong anti-perturbation and auto-adapted, we 
need not adjust the parameters again. In applying, we can 
reduce the parameters. For example,  
Make 0pa = , pb be negative, then the nonlinear 
functions of PK  and IK  can be combined. And the 
parameters are reduced from nine to five or six, which is 
convenient for people to adjust the parameter. 
The nonlinear function we used 
In the paper, we usesec ()h and exp() , and obtain 
a better control effect.  In practical applications, we also 
can use other simpler and practical nonlinear 
characteristics in PID algorithm to design the controller 
in the actual situation, and the nonlinear function for the 
transformation of e ,
0
t
edt∫  and 
de
dt
 can be found 
according the algorithm. In brief, in the further research, 
a better nonlinear characteristic can be found and the 
efficient non-linear PID controller can be designed. 
CONCLUSIONS 
Memory is the large time delay object, for which 
this article analyzes the advantage and disadvantage of 
linear PID controller's principle. Base on inheriting its 
advantage and overcoming its shortcoming, this paper 
also introduces a nonlinear PID controller which can 
control the ion source that is a large time-delay object. 
The stability of ion source current is not bigger than 2%, 
and it has satisfied the high quality neutron tube's request. 
The experiment result indicates that it has a fast response, 
small overshoot and small static error with this method to 
control the ion source current. The control quality is 
much better than the traditional linear PID. But there is a 
large discussion space in adjusting parameter and 
choosing nonlinear function. So, we can do the further 
studies on these aspects to improve the nonlinear PID 
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